Fractalkine (FKN/CX3CL1) is a cell surface-expressed chemokine involved in many aspects of leukocyte trafficking and activation. The various structural domains of FKN play distinct roles in its ability to bind and activate its receptor, CX3CR1. A human herpesvirus 8-encoded chemokine, termed viral macrophage inflammatory protein (vMIP)-II, is structurally similar to FKN; vMIP-II is a nonselective chemokine receptor antagonist (binding multiple chemokine receptors, including CX3CR1). The goal of this study was to identify FKN determinants of selectivity for its receptor and to further refine domains important in affinity and efficacy at CX3CR1. Chimeric and insertional mutagenesis was used to generate mutants of both vMIP-II and FKN, and the expressed proteins were evaluated for chemokine receptor binding affinities and efficacy at CX3CR1. Modification of the intervening amino acids between the first two conserved cysteine residues of FKN or vMIP-II indicated a role of the X3 bulge of FKN in affinity and selectivity for CX3CR1. Substitution of the vMIP-II N terminus with that of FKN created an agonist that was just as potent and efficacious as FKN for binding and stimulating CX3CR1, whereas replacement of the FKN N terminus with the cognate domain of vMIP-II disrupted the ability of FKN to bind CX3CR1. Furthermore, the entire N terminus of FKN was necessary for the high-affinity and full agonist properties of FKN at CX3CR1. These results refine the pharmacophore for chemokine binding to and activation of CX3CR1 and demonstrate the usefulness of modified virally encoded chemokines as templates for the development of selective chemokine receptor antagonists.
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Chemokines constitute a family of structurally and functionally related small proteins that are key regulators of the accumulation and activation of leukocytes into inflamed tissues. As a result, chemokines and their receptors represent a growing list of relevant therapeutic targets. These small peptides are made by a variety of cells in both the periphery and central nervous system including, but not limited to monocytes, T cells, B cells, dendritic cells, fibroblasts, endothelial cells, neutrophils, as well as neurons and glial cells (Murphy et al., 2000) . Most chemokines, with the exception of the CX3C ligand, fractalkine (FKN/CX3CL1), and the CXC ligand CXCL16 (Matloubian et al., 2000) exist as secreted peptides. FKN is structurally unique in that it contains a CX3C chemokine domain attached to a mucin-like stalk, transmembrane domain, and a short intracellular region, and it exists in both membrane-bound and shed/secreted forms (Bazan et al., 1997; Pan et al., 1997) . Many chemokines show considerable overlap in their receptor binding, although several bind with relative specificity. FKN is the only known ligand for CX3CR1, and it binds its receptor CX3CR1 with high affinity and specificity (Imai et al., 1997; Harrison et al., 1998) .
It has been recently observed that some viruses have evolved molecular mechanisms that mimic chemokine machinery to interfere with normal host defense. One such mechanism has been identified in a viral protein encoded by Kaposi's sarcoma-associated herpesvirus/Human herpesvirus 8. Kaposi's sarcoma-associated herpesvirus encodes more than 15 human gene homologs, including three chemokines, which are termed viral macrophage inflammatory protein (vMIP) -I, -II, and -III (Moore et al., 1996; Nicholas et al., 1997) . Of these three, only vMIP-II has been shown to be a chemokine receptor antagonist, binding CCR1, CCR2, CCR4, CCR5, CCR8, CCR10, CXCR3, CXCR4, XCR1, and CX3CR1 (Kledal et al., 1997; Chen et al., 1998; Luttichau et al., 2000 Luttichau et al., , 2001 . In a recent report, Nakano et al. (2003) demonstrated that mammalian cell-expressed vMIP-II has CCR5 agonist activity, suggesting that vMIP-II may play a role in chemotaxis of CCR5-expressing monocytes in vivo. vMIP-II has been used in a number of in vivo models and is a potent inhibitor of inflammation. Chen et al. (1998) showed that vMIP-II has anti-inflammatory activity in a rat model of experimental glomerulonephritis. The use of vMIP-II in a spinal cord injury model was shown to attenuate inflammation and cellular degeneration (Ghirnikar et al., 2000 (Ghirnikar et al., , 2001 . Because vMIP-II nonselectively binds several chemokine receptors, the specific chemokine systems that were modulated by this viral protein cannot be known with certainty.
Although most chemokines bind one or more receptors within their specific subfamily, vMIP-II is the only chemokine known to bind receptors from multiple subfamilies. These unique receptor binding properties of vMIP-II make it a useful tool in studying chemokine/receptor interactions. vMIP-II is structurally very similar to FKN, suggesting that key residues in their sequences determine the respective binding properties of these peptides to CX3CR1. By using vMIP-II as a template, chimeric and insertional mutagenesis was used to alter the viral chemokine. Herein, we describe the creation and characterization of vMIP-II and FKN chimeras that display varying levels of affinity and efficacy for CX3CR1 and reduced affinity for representative CC and CXC chemokine receptors. The amino acids that lie between the first two conserved cysteine residues of FKN were modified, or inserted into vMIP-II, to determine the role of the X3 bulge in the high-affinity and selective interaction between FKN and CX3CR1. Multiple studies point to the importance of the vMIP-II N terminus in binding to CXCR4 and CCR5 Zhou et al., 2000; Crump et al., 2001) . In the present study, we also report the role of the vMIP-II N terminus in binding to CX3CR1 and the importance of the FKN N terminus in affinity and efficacy for CX3CR1. The data provide insights into the pharmacophore for chemokine binding to and activation of CX3CR1.
Materials and Methods
Materials. An aqueous extract of a Kaposi's sarcoma lesion was a gift from Dr. Sankar Swaminathan (University of Florida, Gainesville, FL). Oligonucleotides were purchased from Fisher Scientific (Houston, TX). Cell culture and transfection reagents were purchased from Invitrogen (Carlsbad, CA). HEK cells expressing human CCR5 were a gift from Dr. Philip Murphy (Laboratory of Host Defenses, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD). Ni-NTA slurry was purchased from QIAGEN (Valencia, CA). Radiolabeled 125 I-human SDF-1␣ and 125 I-Na were purchased from PerkinElmer Life and Analytical Sciences (Boston, MA). FKN-CD, MCP-1, MIP-1␣, SDF-1␣, and vMIP-II were purchased from R&D Systems (Minneapolis, MN). Fractalkine sandwich enzyme-linked immunosorbent assay kit (Quantikine DuoSet) was purchased from R&D Systems. Anti-Akt (protein kinase B) primary (Phos-Akt and Akt) and secondary antibodies were purchased from Cell Signaling Technology Inc. (Beverley, MA).
Generation of FKN and vMIP-II Mutants. The purified mammalian cell-expressed FKN used in this study has been described previously by our group as form A of FKN (Harrison et al., 2001) . In brief, the molecule contains the FKN chemokine domain attached to a small portion of the mucin stalk. This sequence encoding FKN (including the signal peptide) was cloned into the mammalian cell expression vector, pcDNA3.1/myc/His6x (Invitrogen). The entire protein coding sequences of each mutated form of FKN and vMIP-II were subjected to DNA sequencing to confirm the fidelity of the DNA polymerase (Pfu) and to verify that the nucleotides encoding the myc/His6x were in frame with the nucleotides encoding the respective chemokines. Using site-directed, oligonucleotide-based mutagenesis, DNA sequences encoding the amino acids Asn, Ile, and Thr were each mutated to Ala in FKN to produce FKN/AAA. Using a similar method, the amino acids Asn, Ile, and Thr were deleted in FKN to produce FKN⌬NIT.
DNA sequences encoding vMIP-II were isolated from an aqueous extract of a Kaposi's sarcoma lesion by polymerase chain reaction. The resulting vMIP-II DNA was cloned into the BamHI/XhoI sites of pcDNA3.1/myc/His6x (Invitrogen). Using sequential site-directed, oligonucleotide-based mutagenesis, DNA sequences encoding the amino acids Asn, Ile, and Thr were inserted between the first two cysteine residues in vMIP-II/pcDNA3.1/myc/His6x, to produce vMIP-II/N, vMIP-II/NI, and vMIP-II/NIT.
Using site-directed, oligonucleotide-based mutagenesis, the DNA sequences encoding the N-I diamino acid motif of FKN (in the pcDNA3.1/myc/His6x plasmid) were engineered to create an additional SspI cut site (AAT ATT). The SspI fragments containing the respective N-terminal portions of FKN and vMIP-II were isolated and used to replace the corresponding domains in FKN and vMIP-II to produce vMIP-II(1-9)FKN and FKN(1-12)vMIP-II. Using the DNA sequences encoding FKN, vMIP-II/NIT, vMIP-II(1-9)FKN, and FKN(1-12)vMIP-II as templates, additional mutant peptides were engineered to contain residues from both FKN and vMIP-II in their N termini. The Gly at position 4 was mutated to Arg, the Val at position 5 was mutated to Pro, and the Thr at position 6 was mutated to Asp in FKN and FKN(1-12)vMIP-II to create FKN(1-2)vMIP-II/ NIT and vMIP-II(4-6)FKN, respectively. The Arg at position 7 was mutated to Gly, the Pro at position 8 was mutated to Val, and the Asp at position 9 was mutated to Thr in vMIP-II/NIT and vMIP-II(1-9)FKN to create FKN(7-9)vMIP-II/NIT, and vMIP-II(1-5)FKN, respectively.
Expression, Purification, and Western Blot Analysis of Proteins. HEK293T cells were grown to ϳ80% confluence in 100-mm poly-D-lysine (5 g/ml)-coated dishes and were transfected with 10 g of plasmid DNA and 25 l of LipofectAMINE (Invitrogen) reagent according to the manufacturer's instructions. Cells were incubated in DMEM containing 10% FBS for the first 20 h after transfection and subsequently incubated in 8 ml of DMEM containing 0.5% FBS for an additional 24 h. Medium collected at 24, 48, and 72 h after transfection was subjected to Ni-NTA chromatography according to QIAexpressionist instructions (QIAGEN). In brief, conditioned medium pooled from eight 100-mm plates was mixed with an equal volume of 2ϫ lysis buffer (100 mM NaH 2 PO 4 , 600 mM NaCl, and 20 mM imidazole, pH 8.0) and 1.5 ml of Ni-NTA resin slurry (QIAGEN). The mixture was rocked overnight at 4°C and subsequently centrifuged at 5000g for 5 min at RT to concentrate the slurry to 5 ml. The resulting 5 ml of slurry/medium was loaded into a gel filtration column and the packed resin bed was washed with 8 ml of wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, and 20 mM imidazole, pH 8.0). The protein was eluted into 4 ϫ 500-l fractions with elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, and 250 mM imidazole, pH 8.0), flash frozen in liquid N 2 as 100-l aliquots, and subsequently stored at Ϫ80°C until further use. Protein aliquots were subjected to SDS-PAGE, transferred to polyvinylidene difluoride, and the membranes were incubated overnight at 4°C with anti-myc primary antibody (Invitrogen) at a 1:20,000 dilution, and subsequently incubated in sheep anti-mouse IgG/horseradish peroxidase (Invitrogen) secondary antibody at a 1:2000 dilution at RT for 1 h. Western blot analysis was used to determine the relative amounts of purified protein contained in each Ni-NTA-eluted aliquot. Absolute values of the purified FKNs were determined by sandwich enzyme-linked immunosorbent assay, and concentrations of all other purified proteins were normalized by densitometric analysis of Western blots probed with the anti-myc epitope antibody.
Whole Cell Radioligand Binding Analysis. Procedures for radioligand binding analysis and radiolabeling of chemokines are described in detail in previously published protocols (Davis et al., 2003) . CHO cells stably expressing CX3CR1, CCR2, or US28 were seeded at a density of ϳ300,000 cells/well into 12-well cell culture plates (Corning Glassworks, Corning, NY) with Ham's F-12 medium containing 10% FBS and 1% penicillin/streptomycin. SK-N-SH cells were seeded at a density of ϳ300,000 cells/well into 12-well cell culture plates with minimal essential medium-␣ containing 10% FBS and 0.2% penicillin/streptomycin. HEK293 cells stably expressing CCR5 were seeded into poly-D-lysine-coated 12-well cell culture plates at a density of ϳ300,000 cells/well with DMEM containing 10% FBS and 1% Pen/Strep. The concentrations of the radiolabeled ligands used in each competition binding analysis and the experimentally determined K d values (mean Ϯ S.E.M.) for each receptor are as follows: 0.2 nM 125 I-FKN-CD (100-300 Ci/mmol) for CX3CR1- Western Blot Analysis of FKN-Stimulated Akt Phosphorylation. Wild-type CHO cells, or CHO cells stably expressing CX3CR1 were plated into 12-well cell culture dishes and allowed to grow 48 h to 70 to 90% confluence. Just before stimulation, cells were incubated in serum-free Ham's F-12 medium for 2 h. Cells were then incubated in serum-free Ham's F-12 containing various concentrations of purified proteins in a total reaction volume of 200 l per well. After stimulation, medium was aspirated, the plates were placed directly on ice, and then each well was washed one time with ice-cold phosphate-buffered saline. Cells were collected in 100 l of 1ϫ Laemmli sample buffer containing 3% ␤-mercaptoethanol and sonicated 5 to 10 s on ice to shear DNA and reduce sample viscosity. Samples were boiled for 5 min and centrifuged at 10,000g for 1 min. At this point, the samples were frozen at Ϫ20°C until further use, or 40 l of sample was immediately subjected to SDS-PAGE and Western blot analysis. Membranes (polyvinylidene difluoride) were incubated overnight at 4°C in anti-phos-Akt antibody (Cell Signaling Technology Inc.) at a 1:1000 dilution and subsequently incubated in goat anti-rabbit IgG/horseradish peroxidase secondary antibody (Cell Signaling Technology Inc.) at a 1:2000 dilution at RT for 1 h. To strip anti-Phos-Akt antibody, membranes were incubated in stripping buffer (25 mM glycine-HCl, pH 2.0, and 1% SDS) for 30 min at 65°C. After stripping, membranes were incubated in anti-Akt antibody (Cell Signaling Technology Inc., Minneapolis, MN) at a 1:2000 dilution overnight at 4°C. Maximal stimulation of Phos-Akt by FKN-CD occurred at time points of 5 and 10 min (data not shown). Thus, in all functional experiments a time point of 7 min was used.
Data Analysis. Graphs and statistical analysis were performed using Prism and InStat from GraphPad Software Inc. (San Diego, CA). Competitive binding data were analyzed with Prism and IC 50 values were converted to K i values (using experimentally determined K d values of the radioligand) by using the Cheng-Prusoff equation (Cheng and Prusoff, 1973) . Statistical analysis was performed using analysis of variance followed by a Dunnett's multiple comparisons test (Fig. 6 ) or using Student's t test (Table 1 and 2 ). The level of statistically significant difference was defined as p Ͻ 0.05.
Results
Figure 1, top, depicts an amino acid alignment of the chemokine domain of human FKN compared with Human herpesvirus 8 vMIP-II. Whereas the sequences of the two chemokines contain many identical amino acids, the most notable difference is the three amino acids (X3 bulge) that lie between the first two conserved cysteine residues in FKN. Modified forms of either FKN or vMIP-II were created to assess the role of the X3 bulge (NIT) in the affinity, efficacy, and selectivity of FKN at its receptor CX3CR1. Additional FKN/vMIP-II chimeras were generated to evaluate the role of the N-terminal segments of these chemokines in the CX3CR1 binding and activation properties. Figure 1 , bottom, highlights the various mutated and chimeric proteins as they relate to the FKN and vMIP-II sequences. HEK293T cells were engineered to express each of the 11 peptides shown in Fig. 1 . Conditioned media from the transfected cells were collected, and the secreted proteins were purified by Ni-NTA chromatography and subsequently characterized in binding and functional assays. 
Downloaded from
Generation of FKN with a Modified X3 Bulge That Retains Affinity and Efficacy for CX3CR1 and a CC Form of FKN with Reduced Affinity for CX3CR1. The amino acids Asn, Ile, and Thr that lie between the first two conserved Cys residues were each mutated to Ala, to create a molecule termed FKN/AAA (Fig. 1) , and the "NIT" was deleted to create a CC form of FKN, termed FKN⌬NIT (Fig. 1) . Figure 2A depicts Western blot analyses of the HEK293T cell-expressed and Ni-NTA-purified FKN, FKN/AAA, and FKN⌬NIT. FKN migrated as a diffuse band at a relative molecular mass (M r ) greater than what was predicted based on the protein backbone. This is consistent with previous results published by our group (Harrison et al., 2001 ) and is probably a result of the glycosylation of either the NIT and/or the mucin stalk (the secreted FKN protein is expressed attached to a small portion of the mucin stalk; see Materials and Methods). The FKN/AAA and FKN⌬NIT molecules migrated at M r values slightly lower than FKN, yet higher than their predicted M r values. This is probably a result of elimination of the N-linked glycosylation consensus sequence. Figure 2B indicates that the three chemokine peptides bind CX3CR1 with a rank order of potency FKN ϭ FKN/AAA Ͼ FKN⌬NIT. The HEK293T-expressed FKN bound to CX3CR1 with a calculated K i (ϮS.E.M.) of 1.7 Ϯ 0.3 nM, which is similar to the K i value determined for FKN/AAA of 1.9 Ϯ 0.8 nM. The deletion of the NIT disrupts the ability of FKN to bind its receptor, as evidenced by the inability of FKN⌬NIT to significantly compete for radiolabeled FKN-CD binding over the range of concentrations tested.
Purified FKN/AAA stimulated Phos-Akt in a concentration-dependent manner in CX3CR1-CHO cells. Figure 2C shows representative Western blots, and Fig. 2D summarizes results from three independent experiments indicating FKN/ AAA stimulated Phos-Akt in the CHO-CX3CR1 cells with the same potency and efficacy as FKN.
Generation of a CX3C Form of vMIP-II with Enhanced Affinity for CX3CR1 and Reduced Affinity for CCR2, Figure 3B indicates that the four chemokine peptides bind CX3CR1 with a rank order of potency, FKN Ͼ vMIP-II/NIT Ͼ vMIP-II/N Ͼ vMIP-II. The HEK293T-expressed FKN bound to CX3CR1 with a calculated K i (Ϯ S.E.M.) of 1.7 Ϯ 0.3 nM, which is similar to the K i value (K i ϭ 0.9 Ϯ 0.1 nM) determined using commercially available FKN-CD (Fig. 3C) . Likewise, HEK293T-expressed vMIP-II and commercially available vMIP-II displayed equivalent affinities for CX3CR1 (Fig. 3, B and C) . These results indicated that the binding properties of the mammalian cell-expressed purified proteins and commercially available proteins are comparable. vMIP-II/NIT binds CX3CR1 with an approximate 4-fold lower affinity than FKN (calculated K i ϭ 7.9 Ϯ 0.7 nM), and about a 10-fold higher affinity compared with vMIP-II (Table 1) .
vMIP-II is known to bind several CC and CXC chemokine receptors. The purified HEK293T-expressed vMIP-II and vMIP-II/NIT proteins were characterized in a series of competition binding experiments at CCR2, CCR5, and CXCR4. vMIP-II competed for 125 I-huMCP-1 (0.2 nM) binding to huCCR2-CHO cells (Fig. 4A) , 125 I-huMIP-1␣ (0.5 nM) binding to huCCR5-HEK cells (Fig. 4B) , and 125 I-huSDF-1␣ (20 pM) binding to CXCR4-expressing SK-N-SH cells (Fig. 4C) with measurable potencies. The addition of the NIT into the vMIP-II protein yielded a molecule with reduced affinity for CCR2, CCR5, and CXCR4 (Table 1) .
Multiple studies have shown that FKN and vMIP-II bind human cytomegalovirus-encoded US28 with nanomolar affinities (Kledal et al., 1997 (Kledal et al., , 1998 Mizoue et al., 2001 ). HEK293T-expressed vMIP-II and commercially available vMIP-II display approximately equal affinities for US28 binding with a K i (Ϯ S.E.M.) of 1.1 Ϯ 0.5 and 2.1 Ϯ 0.6 nM, respectively (Fig. 5, A and B) . Interestingly, commercially available FKN-CD binds US28 with a K i of 0.1 Ϯ 0.01 nM, whereas the purified HEK293T-expressed FKN (containing a portion of the mucin stalk) binds with a K i of 2.9 Ϯ 0.8 nM. vMIP-II/NIT bound to US28 with a K i of 2.6 Ϯ 1.2 nM. The addition of the NIT into vMIP-II reduces the affinity of vMIP-II for US28 approximately 2-fold, although this difference was not statistically significant (Table 1) . Figure 6A shows the effects of purified FKN (at a concentration that produced maximal stimulation) and increasing concentrations of purified vMIP-II, and vMIP-II/NIT on Phos-Akt stimulation in CX3CR1-CHO cells. The vMIP-II and vMIP-II/NIT proteins stimulated a very low level of Phos-Akt in the CX3CR1-expressing CHO cells (Fig.  6A) . FKN, vMIP-II, and vMIP-II/NIT did not stimulate PhosAkt in wild-type CHO cells (data not shown).
Antagonism of FKN-Induced Akt Phosphorylation by vMIP-II/NIT.
Because vMIP-II and vMIP-II/NIT did not display significant agonist activity, and given that vMIP-II has been reported to be a CX3CR1 antagonist, the ability of vMIP-II and vMIP-II/NIT to inhibit FKN-induced Phos-Akt was evaluated. Figure 6B shows a representative Western blot depicting FKN-stimulated Phos-Akt in the absence and presence of a fixed concentration of either vMIP-II or vMIP-II/NIT. (Fig. 1) . These two peptides competed weakly with 125 I-huFKN-CD (0.2 nM) for binding to huCX3CR1 (Fig. 7A) ; their affinities for CX3CR1 were reduced by approximately 100-fold (Table 2) . Neither vMIP-II(1-5)FKN nor vMIP-II(1-9)FKN stimulated Phos-Akt in CX3CR1-expressing CHO cells (data not shown). To contrast, replacement of the N terminus of vMIP-II with the corresponding domain of FKN yielded a molecule with high affinity and efficacy for CX3CR1. The FKN(1-12)vMIP-II chimeric protein bound to CX3CR1 (Fig. 7B) and stimulated Phos-Akt in the CHO-CX3CR1 cells (Fig. 7, C and D) with the same potency as FKN. FKN(1-12) vMIP-II did not stimulate Phos-Akt in wild-type CHO cells (data not shown).
To further elucidate the roles of specific amino acids within the FKN N terminus necessary for high-affinity binding and activation of CX3CR1, an additional series of chimeric peptides were generated. FKN and vMIP-II molecules were created that contained residues from both FKN and vMIP-II within their respective N termini (Fig. 1) . Each of the peptides competed with 125 I-huFKN-CD (0.2 nM) for binding to huCX3CR1 (Fig. 8A and calculated K i values shown in Table  2 ). In addition, each peptide displayed varying levels of activity in stimulating Phos-Akt in CX3CR1-expressing cells. FKN(1-2)vMIP-II/NIT was indistinguishable from vMIP-II/ NIT in its ability to bind (K i ϭ 6.0 Ϯ 1.3 nM) and had no agonist activity at CX3CR1. On the other hand, vMIP-II(4-6)FKN (K i ϭ 4.0 Ϯ 0.7 nM) and FKN(3-12)vMIP-II (K i ϭ 2.1 Ϯ 0.2 nM) had slightly higher affinity for CX3CR1 compared with vMIP-II/NIT. In addition, each of these peptides displayed some agonist activity.
Discussion
Structural studies have indicated that the CX3C sequence of FKN forms a bulge in the N terminus that is not seen in other families of chemokines (Mizoue et al., 1999; Hoover et al., 2000) . Our data indicate the X3-bulge is an important determinant in the high affinity of FKN for CX3CR1 and suggest that the X3 bulge acts only as a structural spacer. The CX3C sequences of both human and rat FKN contain Asn-Ile-Thr (NIT) between the first two cysteines, whereas the murine FKN contains Glu-Ile-Met (EIM). This triamino acid motif of human and rat FKN (NIT) forms a potential N-linked glycosylation site. In our previous study, we reported that the X3 bulge of human FKN was probably not glycosylated, as evidenced by an apparent lack in electrophoretic mobility shift in SDS-PAGE when comparing wildtype FKN to the EIM mutant. However, it was probable that a small increase in mass caused by potential N-linked glycosylation was masked by the relatively high molecular mass of the form of FKN used in those experiments (i.e., FKN-CD with the entire mucin stalk). Because the FKN used in this study migrates at a lower molecular mass (25-30 kDa), because of the shorter mucin stalk, we observed a mobility shift between wild-type FKN and the FKN/AAA mutant. The enhanced electrophoretic mobility of the latter protein is probably a consequence of a lack in N-linked glycosylation. Variants of human FKN in which the NIT was replaced by EIM, AIT, or AAA bound and stimulated CX3CR1 similar to wildtype human FKN (Harrison et al., 2001; Mizoue et al., 2001 ; current study). Thus, the specific amino acids in these positions do not play a role in the ability of FKN to bind and activate the receptor.
A role of the X3 bulge in affinity for CX3CR1 also comes from results characterizing a CX3C form of vMIP-II, because vMIP-II/NIT bound with higher affinity than either vMIP-II/N or vMIP-II. Whereas the X3 bulge enhanced the affinity of vMIP-II for CX3CR1, it is not the only determinant, because vMIP-II/NIT did not bind with an affinity equal to that of FKN. The CNIC variant (i.e., a CX2C form of vMIP-II) did not express in our mammalian cell culture system (data not shown), and as a consequence, only vMIP-II/N and vMIP-II/ NIT were tested for their affinities at CX3CR1. It has been hypothesized that because of structural constraints enforced by the first cysteine disulfide bridge, only chemokines containing none, one, or three amino acids between the first two cysteines could exist (Rollins, 1997) . Thus, the inability to express a CX2C form of vMIP-II could be explained by this original hypothesis.
The X3-bulge is also a key determinant of the selectivity of FKN for CX3CR1 because vMIP-II/NIT had a lower affinity for CCR2, CCR5, and CXCR4 compared with vMIP-II. To assess the affinity of vMIP-II/NIT for the virally encoded chemokine receptor US28, we compared the binding of purified FKN, vMIP-II, and vMIP-II/NIT to commercially available FKN-CD and vMIP-II. Multiple studies have shown that FKN and vMIP-II bind US28 with nanomolar affinity (Kledal , 1997 Mizoue et al., 2001) . Furthermore, Kledal et al. (1998) demonstrated that the affinity of secreted FKN-CD attached to the mucin stalk is approximately 7 times lower than the affinity for the FKN-CD alone determined in competition against 125 I-FKN-CD. The purified FKN used in this study contains a small portion of the mucin stalk, and this probably explains why the FKN had a lower affinity for US28 compared with FKN-CD. Despite the fact that US28 binds FKN, the lower affinity of vMIP-II/NIT at US28 suggests that this virally encoded chemokine binds US28 in a manner different from the way in which it binds CX3CR1.
In the present study, the phosphatidylinositol 3-kinase-dependent phosphorylation of Akt was used a measure of receptor activation. This pathway is known to play a role in FKN-induced chemotaxis and cell survival (Boehme et al., 2000; Meucci et al., 2000; Kansra et al., 2001) . FKN stimulated Akt phosphorylation in a robust manner, whereas vMIP-II and vMIP-II/ NIT displayed some partial, albeit minimal, agonist activity at CX3CR1. These findings are not inconsistent with previous reports of the antagonistic effects of vMIP-II at CX3CR1 , and indicate that the addition of the NIT into vMIP-II/NIT has not converted the molecule into a full agonist. In the presence of a half-maximal concentration, vMIP-II/NIT antagonized FKN-stimulated phosphorylation of Akt. The greater ability of vMIP-II/NIT, compared with vMIP-II, to antagonize FKN-stimulated CX3CR1 signaling is consistent with the binding data as vMIP-II/NIT has the higher affinity for CX3CR1. Using the virally encoded nonselective antagonist as a template and modifying it in a manner that changes its receptor selectivity could allow development of chemokine receptor antagonists that may prove useful in defining roles of specific chemokine/receptor interactions in health and disease.
The FKN and vMIP-II N termini are disordered in their solution structures and most likely become ordered only upon receptor binding (Liwang et al., 1999; Mizoue et al., 1999) . Two studies point to key residues in the FKN-CD and N terminus important for high-affinity binding to and activation of CX3CR1 (Harrison et al., 2001; Mizoue et al., 2001 ). In addition, removal of the FKN N terminus caused a reduction of affinity by greater than 100-fold and produced a molecule that was unable to induce chemotaxis or calcium transients in CX3CR1-expressing cells (Mizoue et al., 2001) . Multiple studies have shown that peptides composed of only the N terminus of vMIP-II bind CXCR4 (but not CCR5) and are potent CXCR4 antagonists Zhou et al., 2000; Crump et al., 2001) . In the present study, we report the importance of the FKN and vMIP-II N termini on the binding to and activation of CX3CR1. The addition of only the first 11 amino acids of the mature form of FKN converted vMIP-II into a molecule that had the same affinity and efficacy for CX3CR1 as FKN. Conversely, replacement of the first two amino acids of FKN with the first five residues in vMIP-II converted FKN into a peptide with low affinity for CX3CR1. These data suggest that the residues in the N termini of FKN and vMIP-II determine the affinity and efficacy at CX3CR1. However, other regions of these chemokines must also contribute to the pharmacological properties as two chimeric molecules [FKN(1-2)vMIP-II/NIT and vMIP-II(4-6)FKN] having identical N termini (QHHRPD) displayed differences in efficacy. To our surprise, FKN(3-12)vMIP-II had high affinity and significant agonist activity. Based on the results of the other chimeric molecules, it was expected that FKN(3-12)vMIP-II would have no agonist activity. These data suggest that the mechanism by which this chimeric molecule activates CX3CR1 is different from FKN or the other agonist peptides.
FKN and its receptor CX3CR1 have been implicated in a number of inflammatory mechanisms. Proinflammatory induced FKN expression probably mediates leukocyte recruitment from the blood into the interstitial tissue. Up-regulation of FKN on endothelial cells is found in inflammatory diseases, including crescentic glomerulonephritis, atherosclerosis, cutaneous inflammatory disease, and Crohn's disease (for review, see Zujovic and Harrison, 2003) . FKN and CX3CR1 expression is increased in T-helper 1-associated pathologies, including psoriasis, Mycobacterium tuberculosis (Fraticelli et al., 2001) , and cardiac allograft rejection (Robinson et al., 2000) . Robinson et al. (2000) identified CX3CR1 expressing leukocytes within rejecting allografts and demonstrated increased FKN expression on rejecting mouse cardiac allografts. In addition, anti-CX3CR1 antibody significantly prolonged survival of mouse cardiac allografts in a model of acute rejection. Further support for a role of FKN/CX3CR1 in cardiac allograft rejection has come from analysis of mice lacking the gene for CX3CR1. Immunosuppressed CX3CR1 (Ϫ/Ϫ) mice had a dramatic prolongation in allograft survival time (Haskell et al., 2001) . CX3CR1 (Ϫ/Ϫ) mice crossed into the ApoE (Ϫ/Ϫ) background also showed significant reductions in atherosclerotic lesion size and reduced macrophage infiltration, highlighting the importance of CX3CR1 in this disease (Combadiere et al., 2003; Lesnick et al., 2003) . Furthermore, human variants of CX3CR1 have been identified and are associated with reduced risk or severity of cardiovascular disease Moatti et al., 2001; McDermott et al., 2003) . The development of selective CX3CR1 antagonists (e.g., vMIP-II/NIT) will afford alternative pharmacological approaches to understanding roles for FKN and CX3CR1 in physiological and pathological scenarios that could lead to promising new therapeutics for the treatment of atherosclerosis or cardiac transplantation rejection.
In conclusion, the CX3C bulge of FKN is a major determinant of affinity and selectivity for its receptor. Similar to other chemokines, the N terminus is a defining feature of FKN, conferring the agonist properties of this chemokine. By using a virally encoded nonselective chemokine antagonist as a template, a high-affinity selective chemokine antagonist was generated. Defining roles of specific chemokines and their receptors in either physiological or pathological scenarios has been hampered by the redundancy of their actions and the lack of selective pharmacological agents. The development of specific chemokine receptor antagonists (based upon virally encoded chemokine peptides) offers the potential for improved strategies for targeting inflammatory mechanisms associated with human disease.
